The study of electromagnetic waves propagating in concrete is a complex problem. Understanding the phenomenon of interaction between the wave and the matter is related to the knowledge of the variation process of concrete's electromagnetic properties in terms of its physical characteristics. In particular, dielectric permittivity of concrete is affected by moisture content and change in the frequency of the electromagnetic field applied. In this study, we apply the three-parameter Jonscher model (n, χ r , ε ∞ ) to show the dispersive aspect of the concrete. The validation of this model is carried out through tests on mortar and concrete at the laboratory, on the one hand, and by comparison of the results with data obtained previously by other researchers, on the other hand. The Jonscher model matches very well the experimental measurements of the concrete. At different moisture levels, heterogeneities and porosities, the results obtained are very good. This shows that this model is very effective and very suitable to represent the dielectric properties of concrete.
Introduction
Ground penetrating radar (GPR) is a non-destructive testing method increasingly used to evaluate concrete structures. This technique is based on the propagation of electromagnetic waves. A good understanding of the interaction between electromagnetic waves and concrete is thus necessary to the adequate analysis of GPR data. One of the most important physical properties that governs electromagnetic wave propagation is the permittivity of the concrete. Indeed, the dielectric permittivity of a material characterizes the motion of charges linked under the action of an electric field. These phenomena, called polarizations, are diverse and overlapping [1] . We distinguish:
• Electronic polarization due to the distortion of the electronic cortege of an atom with respect to its nucleus; • Ionic polarization due to the relative motion of anions and cations within a crystalline structure;
• Dipole polarization, due to the dipole orientation of dipole molecules (i.e. characterized by a permanent dipole moment); • Space charge or interfacial polarization, due to the migration of charged particles that can locally be considered free; however, in heterogeneous environments these particles are not involved in the electrical conductivity, and they then accumulate along interfaces they cannot cross.
These phenomena are characterized by relaxation time (or by its inverse relaxation frequency). Consider a given mechanism: where the applied electric field changes sufficiently slowly (oscillation frequency well below the relaxation frequency of the phenomenon under consideration), polarization will have time to settle: permittivity associated with this phenomenon will contribute to the overall permittivity. If, on the contrary, the field oscillates at a frequency far greater than the relaxation frequency, polarization will not settle: permittivity associated with this mechanism will not contribute to the total permittivity. Using the concept of electric susceptibility, we have
where
is the free-space permittivity; χ interfacial is the electric susceptibility associated with interfacial phenomena of polarization (with no dimensions); χ dipolar is the electric susceptibility linked to the dipole polarization phenomena, and so on. Relaxation frequencies of electronic and ionic polarizations (10 15 Hz and 10 13 Hz, respectively) are far greater than radar frequencies usually used for nondestructive testing of concrete structures (100 MHz-2 GHz). These phenomena are applicable to all solids. At radar frequencies and in the absence of dipole particles, it is these phenomena that dominate, and it is the mineralogical composition of the material that determines the value of permittivity (ε r = 4.6 for quartz; ε r = 7.5 for calcite). Dipole polarization mechanisms give relaxation frequencies that are close to radar frequencies: they are of great importance to the extent that the material contains dipole molecules. The degree of polarization of homogeneous dipolar substances (such as water) depends strongly on the temperature. The thermal agitation counteracts the alignment of the molecules in the direction of the electric field. These substances have large dielectric constants. Thus, the proportion of water contained in a material is crucial. Indeed, due to the asymmetrical aspect of its molecule, water has a very high permittivity (ε r = 81). The combined relaxation frequency is about 20 GHz.
Concrete, which is a porous material and whose pores are filled with electrolyte, corresponds to this structure. Once under an electric field, charges accumulate on the surface of the pores and produce a dipole moment. The interfacial polarizations are characterized by very low relaxation frequencies (1-100 kHz) and do not contribute to the permittivity in the radar frequency band.
To describe the frequency dependence of the dielectric permittivity of concrete, it would be interesting to be able to measure it on the material. However, it is not easy to determine it directly. We must first have a suitable measuring instrument (a measuring unit with a frequency band that matches that of the GPR) and the size of the sample must be significant enough to ensure a good representation of the measure. Then perform necessary computations to extract the value of the permittivity versus frequency from measurements [2] . However, the dielectric permittivity has a physical relationship between the real and the imaginary parts that allows its modelling using the relationship Kramers-Kronig described by the formulae (3) and (4) [3] .
where ω r is a reference frequency and ω is the frequency ranging from zero to infinity. Apart from the model of Kramers-Kronig, there are models to calculate the real and the imaginary parts of permittivity for many materials versus frequency. These models are based on the fact that it is possible to measure the real part of permittivity at low frequency (ε 0 ) and at very high frequency (ε ∞ ). For example, the Debye model and others derived from it, such as the ColeCole and the Cole-Davidson models, are empirical models that can describe the permittivity frequency dependence on conductivity. However, these models are not fully adapted to numerous radar frequencies [4] . In this study on dielectric characterization of concrete in the frequency band 100 MHz-2 GHz, we use a more global model called universal dielectric response (UDR) introduced by [5] . The validity of the model was tested by a comparison with experimental data published by other authors.
Electromagnetic wave propagation models
Currently, there is a set of mathematical methods, which is highly efficient and diverse with regard to the modelling of electromagnetic wave propagation, e.g. the method of moments [6, 7] , ray delineation method, with spectral or pseudo spectral methods [8] [9] [10] [11] [12] [13] , methods of differential expression resolutions of Maxwell equations such as differences and finite elements method [14] [15] [16] [17] [18] [19] [20] [21] . However, the modelling of the propagation in concrete is not possible without the modelling of the permittivity of the concrete. Concrete is a heterogeneous material consisting principally of aggregates, sand, cement and water. Its permittivity depends on these constituents and also on the frequency of the electromagnetic signal as well. However, we can talk about the homogenization of concrete when the size of the heterogeneities is small enough with respect to the wavelength of the signal. In this case, the concrete could be represented by an average permittivity, called 'effective'. Choices of electromagnetic wave models thus become more limited. It is commonly acknowledged that, when using pulsed radar at a particular frequency (the centre frequency), the spectrum covered by the emission is narrow, so that the permittivity allocated to the material is usually a constant, independent of the frequency. This is also true for the studies concerned with concrete buildings effects on RF communications [22] [23] [24] .
Many authors take into account the frequency dependence on the dielectric constant of concrete, including the radar frequency band (100 MHz-2 GHz) [2, [25] [26] [27] . It is therefore important to have a mathematical formulation or a simple empirical model to describe this behaviour.
Jonscher model
Jonscher uses complex electric susceptibility (a dimensionless complex number), which is related to the dielectric constant by
ε ∞ (F m −1 ) is the limiting high-frequency value of the real part of the effective permittivity. It is constant and real, and it describes the mechanisms of polarization that rapidly respond to the application of an electric field. The value σ dc is defined as dc conductivity (real and constant). χ e is the sum of various susceptibilities related to polarizations responding more slowly to the application of the electric field. It is expressed by the relationship called the Jonscher universal dielectric response [4] 
where -n is an empirical parameter without dimension that characterizes the change in amplitude as a function of frequency, this parameter varies between 0 for materials with high dielectric loss and 1 for materials without dielectric losses; -χ r is the real part of the susceptibility to the frequency reference; -and ω r is a reference frequency, arbitrarily chosen.
The ratio σ dc /ω decreases with frequency and we can neglect this quantity at radar frequencies in equation (5) . With this assumption, the effective dielectric permittivity can be written [4] 
The variation of the effective permittivity with frequency is thus described by three real parameters only: n, χ r and ε ∞ .
In order to link these parameters to physical properties, effective parameters can be computed at different frequencies by
Adaptation of the Jonscher model to concrete
To build a Jonscher model describing the permittivity of concrete in the frequency domain, knowledge of the three parameters n, χ r and ε ∞ is required. In general, the parameters of a model (four or more) are not readily available from measurement data, and a non-linear algorithm for extracting them is usually used. In our case, since we opted for a threeparameter Jonscher model, we use the following method to determine these parameters. According to the formula (7), we can write
so
and
Formula (9) gives
Let f 1 and f 2 be two frequencies selected in the radar frequency band:
Dividing (14) by (15) and using the natural logarithm function we obtain
leading to
Let ε e1 and ε e2 be the two effective permittivities corresponding respectively to f 1 and f 2 . We have
Since ω r can be chosen arbitrarily, let us choose ω r = ω 1 and using (18) and (19) , we obtain
and finally
We can now solve for the variation of the complex dielectric permittivity of the concrete as a function of frequency by simply using the values corresponding to the three parameters n (17), χ r (21) and ε ∞ (22) in the Jonscher model (7).
Validation of the Jonscher model on published data
In this analysis, the Jonscher model parameters n, χ r and ε ∞ for concrete are calculated from the experimental results published in [26] and [27] in the respective frequency ranges 10 MHz-1 GHz and 1 MHz-2 GHz, respectively.
The different experimental devices used to achieve these measures are all governed by the same principle of measurement that follows: a vector network analyzer (VNA) measures the phase and amplitude of the waves transmitted and reflected on a sample of concrete, placed inside a coaxial cell. An inverse computation gives the values of the real and the imaginary parts of ε e along with the magnetic permeability [28] . In [26] measurements were performed on 19 concrete samples for various levels of water content. All samples were made using Ordinary Portland cement and the concrete mixes were made with Staffordshire Pink 10 mm gravel aggregate with Hope Quarry sand. Each specimen was weighed after each transmission-line test and after oven drying; the percentage of water by volume in each specimen was then calculated from the ratio of the volume of water (obtained from the difference of the two weights) and the volume of specimen. [26] provided measurement data showing the variation of permittivity and conductivity with frequency and moisture content. Similar transmission-line measurements of moisture conditioned concrete specimens were performed in [27] for a wider frequency range.
Computation of Jonscher's parameters
For each type of concrete, two values of the corresponding relative dielectric permittivity at two distinct frequencies were used. Formulae (17) , (21) and (22) were used to calculate Jonscher's parameters for different samples. These parameters are the same across the frequency band considered. Results of the computations for six different water contents are summarized in table 1. Figures 1-4 show the variation of r and r as a function of frequency for different moisture contents (MC) selected from table 1.
Results and discussions
Broadly speaking, the relative permittivity (real and imaginary parts) is decreasing as a function of frequency. Variation is important for low frequency (<500 MHz). The most saturated concretes have permittivity (real part of the relative permittivity) and conductivity (imaginary part of the relative permittivity) that are larger than other concretes.
In terms of modelling, results given by the Jonscher model are perfectly consistent with the experimental measurements, especially for figures 1 and 2 corresponding to 0.2% and 5.5% moisture.
A slight difference is noticeable in curves in figure 3 for the concrete moisture MC = 9.3%. This is limited to the real part of the relative permittivity on the frequency band below 500 MHz. In addition, a small difference is noticeable in curves in figure 4 for concrete moisture MC = 12%. But in this case, it concerns the imaginary part of permittivity in the relative frequency band 300-600 MHz. concrete. Results analysis concerns the sensitivity of the model to the variation of the heterogeneity of concrete as well as the variation of the water-cement ratio (W/C) and porosity of samples.
Validation of the Jonscher model with respect to laboratory measurements

Data acquisition and measurement system
The acquisition of the necessary data in this work was made possible through the use of a coaxial probe of the laboratory of the research group on testing and instrumentation (Groupe de recherche sur l'auscultation et l'instrumentation (GRAI)) at the University of Sherbrooke. The frequency band used by the coaxial probe varies between 200 MHz and 900 MHz [29] .
The complete measuring system (figure 5) mainly comprises a central processing unit (computer), a coaxial probe and vector network analyzer (VNA).
The coaxial probe, which forms a waveguide, consists of two coaxial cylinders. The inner cylinder (kernel) is a 2a diameter conductor. The hollow outer cylinder (2b diameter >2a) contains a dielectric material surrounding the nucleus.
The waveguide ends with an aperture that is in contact with the flat surface of the sample under test.
Electromagnetic waves are generated by the VNA and are transmitted to the probe through the coaxial cable. When these waves get to the surface of the sample, they are reflected inwards of the probe, carrying information on the electromagnetic properties of the environment in contact with the aperture of the probe. The VNA also allows reflection at the aperture of the probe and saves the data. Indeed, the results of measurements represent the reflection coefficient as a function of frequency of the waves driven and reflected at the aperture of the probe.
The data are then extracted from the VNA and processed on a special computer program developed for this purpose. This program allows the computation of the real and imaginary parts of permittivity as a function of frequency.
The probe was calibrated and validation tests of the system were carried out successfully on saline solutions of 10, 15 and 20 parts per thousand, as well as samples of solid limestone and granite.
We computed Jonscher's parameters corresponding to these environments for comparison with measurements of the probe. Figure 6 illustrates the example of 15 parts per thousand saline (n = 0.0055, χ r = −3.5410, ε ∞ /ε 0 = 72.8565). Figure 6 shows a good correlation between the measured values and those given by the Jonscher model during the calibration.
Samples considered
The framework of this study concerns two sets of environments:
-saturated slabs M1 and M2 of mortar -and concrete slabs B1, B2, B3 and B4. These concrete slabs have been dried in an oven until stabilization of the mass. All slabs (mortar and concrete) have the same dimensions, 28 cm × 28 cm × 7 cm. The measurements were done in the laboratory and the temperature of the samples was about 22
• C. The characteristics of these samples are given in table 2.
Computation of Jonscher's parameters
In the computation of Jonscher's parameters for each type of sample we used the technique shown in section 3. Also 
Results and discussions
The comparison of M1 and M2 mortar slabs shows that in the saturated state, the most porous (in this case M2) has a higher permittivity. This result stems from the fact that the pores saturated with water have permittivities equal to that of water ( r = 81), which has a direct impact on the overall permittivity of the medium; i.e. the more porous the material, the more important its moisture content, and hence the more higher its permittivity is. Figure 7 shows a comparison between the experimental measurements and model data values of the change in the relative dielectric permittivity ( r and r ) as a function of frequency for both mortar slabs M1 and M2. The Jonscher model gives very satisfactory results that follow those representing measurements of mortar permittivities.
For concrete, comparing measurements made on B1, B2, B3 and B4 slabs shows that the concrete B1 (W/C = 0.3) has the largest permittivity. This result indicates that, for dry concretes, permittivity decreases when the concrete W/C ratio increases. Figure 8 provides a comparison between the experimental measurements and model data values of the change in the relative dielectric permittivity ( r and r ) as a function of frequency for both concrete B1 and B2 slabs.
Here again the Jonscher model shows its effectiveness by giving results consistent with the measurements of permittivities on different concretes.
Conclusion
A Jonscher model adapted to concrete has been developed. It gives values of permittivity (real part) in very good agreement with those given by experimental measurements and this for different moisture contents, heterogeneities and porosities of concrete. Conductivity values (imaginary parts of effective permittivities) are also identical at low moisture contents. There are small differences for high moisture contents. However, the curve shapes are similar. The model proposed here considers concrete as a homogeneous material and does not take into account the size of heterogeneities composing the concrete. This is assumed to be lower than the electric wavelength over the entire radar frequency band considered (100 MHz-2 GHz). This assumption is acceptable for the experimental data used in this analysis, but it may not be true for all types of concretes, particularly those where the aggregate size is larger than the electric wavelength.
